This study presents dynamic responses of rock-berm structural system under anchor dragging and accordingly provides the characteristics of the stresses and displacements obtained. For the purpose, first, a rock-berm was modeled by the SPH (smoothed particle hydrodynamics) method and piecewise Drucker-Prager material model by facilitating the associated software package-ANSYS-AUTODYN. Second, 2-ton stockless anchor was modeled as a rigid body and eventually dragging external force was obtained. Then, the dragging velocity (1 and 2 m/s) was considered as a parameter to investigate the effect of its variation on the responses. Finally, the dragging tensile forces of the anchor cable were obtained and compared according to the dragging velocities. It is shown that the four-layer rock-berm gives the safety margin to the submarine power cable according to the unaffected gauge points near the cable. This safety is accomplished by the four layers (related to rock-berm height) and the number of rock particles at each layer (related to rock-berm widths).
Introduction
Submarine power cables have been used to connect dots and accordingly transmit electric power from the main land to an island. Recent developments in ocean renewable energies make the conventional energy flows in another direction such as offshore wind farms to the main land. This innovation requires the frequent use of submarine power cables; hence, their safety assurance methods have been developed.
Among the methods, rock-berms have been used in relatively deep waters because of their easy installation and inexpensive cost. A recent study showed that rock-berm height and rock size are important parameters against an accidental load-anchor collision [1] . Along with anchor collision, anchor dragging is also important for the protecting structures [2] . Yoon and Na [2] investigated the dynamic responses of a flexible concrete mattress through field experiments. However, no one has investigated the behaviors of rock-berms under anchor dragging so far.
This fact extends to numerical studies because the conventional Lagrange method is not applicable in the modeling of rocks [3] but applicable in tunnel-type protective structures [4, 5] . Accordingly, it is demanded to develop a numerical procedure, to evaluate the dynamic behaviors of a rock-berm under anchor dragging, and to acquire the safety assessment of submarine power cables, which are installed under rockberms.
This study presents dynamic responses of rock-berm behaviors under anchor dragging and accordingly provides the characteristics of the stresses and displacements obtained. For the purpose, first, a rock-berm was modeled by the SPH (smoothed particle hydrodynamics) method and piecewise Drucker-Prager material model by facilitating the associated software package-ANSYS-AUTODYN [6] . Second, 2-ton stockless anchor was modeled as a rigid body and eventually dragging external force was obtained. Then, the dragging velocity (1 and 2 m/s) was considered as a parameter to investigate the effect of its variation on the responses. Finally, the dragging tensile forces of the anchor cable were obtained and compared according to the dragging velocities.
It should be noted here that this study is limited to investigating the dynamic responses of the target structure under anchor dragging. Other issues such as monitoring of the transient responses [7] , multistage structural damage diagnosis [8] , and more detailed signal process [9] should be considered in further research activities.
Materials and Methods
The SPH method was initially developed by Gingold and Monaghan [10] and Lucy [11] for astrophysical problems. It has been used in many research fields such as astrophysics, ballistics, volcanology, and oceanography because it is a mesh-free Lagrange method and resolution can easily be adjusted according to variables such as the density. Most initial problems are fluid-related by dividing the fluid into a set of discrete elements (particles). Libersky and Petschek [12] extended the SPH to solid mechanics. The main advantage of SPH in solids is the possibility of dealing with the larger local distortion than grid-based methods; hence, it has been exploited in many applications in solid mechanics such as metal forming, collision, crack growth, fracture, and fragmentation. The detailed description of the SPH method and associated references can be found in the literature [13] . Here, we introduce the brief concept of the SPH method.
The SPH method uses kernel approximation, which is based on randomly distributed interpolation points with no assumptions about which points are neighbors, to calculate spatial derivatives and particle density using Kernel estimation [14] . The particle density can be expressed using kernel approximation as follows:
where is the density of th particle, is the mass of th particle, and ( − , ℎ) is the weight function according to particle size ℎ. and are -coordinates of th and th particle. In the SPH method, the particle density can be obtained as mass of neighbor particle multiplied by weight function. Figure 1 shows a schematic of the weight function in SPH method. In the study, the Kernel B-spline is used as the weight function. The basic form of weight function is as follows:
where is a parametric variable defined by = | − |/(2ℎ). Two contact conditions were considered, as shown in Figure 2 . First, the interface between rock and other materials (basement and anchor) is based on the contact algorithms used in Lagrange-oriented finite element codes. Second, the interface between the stones (particle to particle contact) is based on the meshless approach [15] . If other material intersects the circle of a particle, then contact is assumed to be occurred. When contact occurs, the restoring force is applied along the normal to the surface. In the particle to particle contact, restoring forces are applied between particles.
Rock-berm is a typical example on which the SPH method is applicable because rock-berm is a structure constructed by stacking rocks to protect lifelines (e.g., submarine power cables and pipelines) and to build breakwaters. Figure 3 shows a rock-berm consisting of rock particles (the upper layers) modeled by the SPH method and lower seabed layers modeled by 8-node solid elements. The linear elastic material properties were used for modeling of the seabed layers, as shown in Table 1 . The piecewise Drucker-Prager material model was used for modeling of the rock layers because the material model is frequently used for the discrete materials such as concrete, rocks, and soils [16, 17] . In the rock material model, we used the material properties of Table 2 , which is proposed by Chen et al. [18] and the associated pressure-yield stress curve, shown in Figure 4 . The rock-berm size was determined according to Cberm, which was proposed by the Korean Electric Power Corporation [19] . The bottom width is 7 m, the top width is 2 m, the height is 1.2 m, and the slope angle is 25.64
∘ as shown in Figure 3 . The diameters of the rocks typically range from 100 to 300 mm in the practice; hence, the upper bound 300 mm was used in the study. In reality, the rock-berm extends to the and − directions for the continuous layout; hence, two symmetry planes (the boundary planes A and B in Figure 3 ) were assumed and constrained in the horizontal ( and − ) directions. In addition, the seabed bottom plane was constrained in the vertical direction.
The target anchor (2-ton stockless) is one of anchors frequently used in commercial and other vessels in the Korean waters. It was modeled according to the Korea Standard [20] and modeled by 4-node shell elements for the dragging analysis, as shown in Figure 5 . Moreover, the anchor is assumed to be a rigid body because the density (7200 kg/m 3 ) and Young's modulus (170 GPa) are much larger than those of the rocks and seabed. Table 3 shows the anchor considered and its representative dimensions [20] . As shown in Figure 3 , (density: 7850 kg/m 3 and Young's modulus: 210 GPa). The cable is always under tension; hence, the conventional cable element which can resist the tension only is not necessary. Besides, the geometrical nonlinearity of the anchor cable was not considered because of the external force is tension-only. The dragging location was assumed to be the bottom of the 2nd layer (Layer B) at the boundary plane A, as shown in Figure 6 . Two dragging scenarios were made by considering two dragging velocities (1 and 2 m/s). To get the dynamic responses, 11 gauge points are specified as shown in Figure 7 . In the figure, each layer has its own name, for example, Layer A, Layer B, Layer C, and Layer D; hence, the gauge points are named to indicate the layers. For example, A1 denotes the first gauge point locating at Layer A. The coordinates of the gauge points are given in Table 4 . It should be noted here that the location of submarine power cables is just below A1 because the position of the number "1" is the center of the rock-berm ( -axis).
Results and Discussions
The von-Mises stress (equivalent stress) is often used in determining whether a material will yield when subjected to a complex loading condition. Figure 8 shows the von-Mises stresses at the gauge points (A1-D2) when dragging velocity is 1 m/s (first scenario). Initially, the stresses at A3 and B3 are distinct because the anchor dragging starts at the right side between Layer A and Layer B. The stresses at B3 are bigger than those at A3 due to the dragging direction (left or + direction) and the bottom boundary condition. After approximately 1.5 sec, the stresses at C2 and D2 exceed the stresses at A3, which indicates that the anchor is moving up. Then, the stresses at C1 and D1 exceed the stresses at A3 after around 2.0 sec, which denotes that the anchor reaches at the top layer (Layer D). It should be emphasized that the stresses at A1 are almost zero; hence, the submarine power does not tends to experience stresses. Over the period, the maximum von-Mises stress is approximately 4.3 kPa, which occurs at C2 and D2, as shown in Table 5 . Figure 9 shows the horizontal displacements (UX). Initially, the front particles (A3, A4, and B3) move to the left (+ direction) according to the anchor dragging and then followed by C2 and D2 and accordingly D1. The horizontal displacements at the gauge points A1, A2, and B1 are almost zero, which indicate that the particles do not receive main effect from the dragging movement. The maximum UX are about 855 mm at D1. Figure 10 shows the vertical displacements (UY). Initially, the front particles (A3 and B3) move upward (+ direction) and then followed by C1 and D1. An interesting factor is that the D2 experiences the downward movement (− direction) after around 2.0 sec. This means the corresponding particle is disintegrated. It is also shown that the vertical displacements at A1, A2, A4, and B1 are almost zero over the time interval, standing for less effective zone of the anchor dragging. The maximum UY is approximately 283 mm at D1. To pinpoint the particle movement, Figure 11 shows the movement sequence according to time. From the figure, it is clearly observed that the stockless anchor penetrated, dragged, and disintegrated the rocks as time goes. However, it does not cause a significant response at A1, which locates at the top of the submarine power cable. Thus, the dragging scenario does not threaten the safety of the power cable. Figure 12 shows the tensile force of the anchor cable. The initial tensile force is 50 ton, then the force tends to decrease to 10 to 25 ton when the anchor penetrated the rocks (between 0.7 and 2.0 sec), and then the force increases to 10 to 35 ton when the anchor gives a deeper penetration into the rocks (after 2 sec). This late increase of the tensile force is caused by the upper layer rocks, which do not roll down from the rockberm as shown in Figure 11 . Figure 13 shows the von-Mises stresses at the gauge points (A1-D2) when dragging velocity is 2 m/s. Initially, the stresses at A3, A4, and B3 are distinct because the anchor dragging starts at the right side between Layer A and Layer B. The stresses at B3 are bigger than those at A3 and A4 due to the dragging direction (+ direction) and the bottom boundary condition. After approximately 1.3 sec, the stresses at C2 and D2 exceed the stresses at A3, which indicates that the anchor is moving up. Then, the stresses at C1 and D1 exceed the stresses at A3 after around 1.5 sec, which denotes that the anchor reaches at the top layer (Layer D). It should be emphasized that the stresses at A1 are almost zero; hence, the submarine power does not tend to experience stresses. Over the period, the maximum von-Mises stress is approximately 4.5 kPa, which occurs at D1, as shown in Table 6 . In comparison with the first scenario, the second scenario shows the similar characteristics but little earlier occurrence than those of 1 m/s because of the faster dragging velocity (2 m/s). Figure 14 shows the horizontal displacements (UX) in the case of 2 m/s of dragging velocity. Initially, the front particles (A3, A4, and B3) move to the left (+ direction) according to the anchor dragging and then followed by C2 and D2 and accordingly D1. The horizontal displacements at the gauge points A1, A2, and B1 are almost zero, which indicate that the particles do not receive main effect from the dragging movement. The maximum UX are about 710 mm at D1. Figure 15 shows the vertical displacements (UY) in the second scenario. Initially, the front particles (A3 and B3) move upward (+ direction) and then followed by C1 and D1. An interesting factor is that the D2 experiences the downward movement (− direction) after around 1.7 sec. This means the corresponding particle is totally disintegrated. It is also shown that the vertical displacements at A1, A2, A4, and B1 are almost zero over the time interval, standing for less effective zone of the anchor dragging. The maximum UY is approximately 365 mm at B3, unlike the first scenario showing that the maximum UY occurs at D1. This indicates that higher dragging velocity causes larger vertical movement at the initial period. In comparison with the first scenario, the second scenario shows the similar characteristics but little earlier movement than those of 1 m/s because of the faster dragging velocity (2 m/s). To pinpoint the particle movement, Figure 16 shows the movement sequence according to time. From the figure, it is clearly observed that the stockless anchor penetrated, dragged, and disintegrated the rocks as time goes. However, it does not cause a significant response at A1, which locates at the top of the submarine power cable. Thus, the dragging scenario does not threaten the safety of the power cable. In comparison with the first scenario, as shown in Figures 8 and 13 , the higher dragging velocity causes much faster anchor movement, and accordingly the stockless anchor is already separated from the rock-berm at 3.0 sec. Thus, more disintegration or disturbance of the rocks happens in the second scenario. Figure 17 shows the tensile force of the anchor cable. The initial tensile force is 65 ton, and then the force tends to decrease as time goes. The tensile force of the second scenario has a more distinct decreasing pattern than that of the first scenario (see the trend lines and their characters of Figures 12 and 17 ). This can be explained by the early escape of the anchor from the rock-berm in the second scenario.
Conclusion
By facilitating the SPH method, it is shown that the global behavior of the rock-berm is not much sensitive to the dragging velocity. This indicates that the gauge points give similar responses although the responding moments are little different according to the velocity variation. However, the faster dragging force (2 m/s) gives more rapid disintegration of the rock-berm, and accordingly the late responses are relatively distinguishable. Moreover, considering the tensile force of the anchor cable, the higher velocity (2 m/s) gives a more distinct decreasing pattern of the tensile force than that of the lower velocity (1 m/s) as time goes because of the early escape of the anchor from the rock-berm. The fourlayer rock-berm gives the safety margin to the submarine power cable according to the unaffected gauge points near the cable. This safety is accomplished by the four layers (rockberm height) and the number of rock particles at each layer (related to rock-berm widths and slope angle). Therefore, the dimensions (height = 1.2 m, lower width = 7 m, upper width 2 m, and slope angle = 25.64 ∘ ) provide the safety of submarine power cables under the anchor dragging scenarios.
